Abstract: A hybrid solar-assisted trigeneration system is analyzed in this paper. The system is composed of a 20 m 2 solar field of evacuated tube collectors, a natural gas fired micro combined heat and power system delivering 12.5 kW of thermal power, an absorption heat pump (AHP) with a nominal cooling power of 17.6 kW, two storage tanks (hot and cold) and an electric auxiliary heater (AH). The plant satisfies the energy demand of an office building located in Naples (Southern Italy). The electric energy of the cogenerator is used to meet the load and auxiliaries electric demand; the interactions with the grid are considered in cases of excess or over requests. This hybrid solution is interesting for buildings located in cities or historical centers with limited usable roof surface to install a conventional solar heating and cooling (SHC) system able to achieve high solar fraction (SF). The results of dynamic simulation show that a tilt angle of 30 • maximizes the SF of the system on annual basis achieving about 53.5%. The influence on the performance of proposed system of the hot water storage tank (HST) characteristics (volume, insulation) is also studied. It is highlighted that the SF improves when better insulated and bigger HSTs are considered. A maximum SF of about 58.2% is obtained with a 2000 L storage, whereas the lower thermal losses take place with a better insulated 1000 L tank.
Introduction
In the European Union, energy consumption in the residential sector with respect to the total final energy use increased from 37.4% to 40.6% in the period 2011-2013 [1,2]. The global energy demand for civil and tertiary sectors also surpassed other energy consumption sectors such as industry, reaching only 25.1% in 2013 [2]. This energy consumption contributed up to 46% of global annual greenhouse gas (GHG) emissions in the European Union (EU-27) during 2012 [3] .
The increase of the energy demand for heating, cooling and air-conditioning is linked to the rise in thermal and cooling loads, the greater comfort expectations in buildings and the social and economic development [4] . This trend has caused not only high peaks of electricity consumption in summer due to the great diffusion of conventional vapor-compression chillers, threatening the stability of the power grids [5] , but it has also led to major environmental problems since about the 50% of electricity in EU is supplied by power stations burning fossil fuels [6] . Therefore, it is important to find alternative energy conversion systems that allow to meet the energy demands of buildings, reduce their primary energy consumption and GHG emissions taking into account the depletion of conventional energy sources. Capellán-Pérez et al. [7] estimated that from 2020 to 2030 the difference between the total primary energy demand and fossil fuels extraction will be significant. They concluded that a strong effort to compensate the decreasing of fossil fuels availability using renewable resources, improving energy efficiency and adopting alternative policy is required.
Solar heating and cooling (SHC) systems can mitigate this issue by partially meeting the cooling demand during the summer season and the heating demand during the winter period. There are several alternative solutions for SHC but all are fed by the solar energy collected by a solar field. The main advantage of these systems is related to the simultaneity between the cooling needs and the source availability in the summer period, especially for hot climates [8] . In fact, in the last few years, different numerical and experimental studies were conducted on the solar assisted systems and some institutions were also involved in R&D activities in this field. The International Energy Agency (IEA) developed research projects to promote and to give guidelines on various aspects of SHC systems within the IEA SHC Programme [9] . According to the IEA Technology Roadmap on SHC [5] , the SHC systems should cover up to 17% of the worldwide cooling needs by 2050.
Due to the uncertainty of the source, solar-driven systems are usually equipped with thermal storage tanks and backup devices in order to compensate the absence or the low solar radiation. For a SHC system, there are two different backup options: gas-fired boilers that integrate the solar thermal production in heating and cooling operation; or electric heat pumps that allow always to meet the users heating and cooling demands if there is no radiation.
In the historical centers, where buildings are subject to legislative and landscape restrictions, or in town centers, often characterized by multi-story buildings, there is a lack of roof area with an available or usable surface to place a solar field large enough to satisfy a great fraction of the heating and cooling demands of the end users. In these cases the integrated systems have to be installed and operated simultaneously (not only in replacement of solar-activated devices) supplying significant share of energy in the plant. Since these peaking/backup devices have to be operated for long periods, it could be advantageous to use polygeneration systems, which are generally more efficient with respect to the conventional backup components (boilers, electric heat pumps). Therefore it seems more appropriate to refer to these solar and fossil fuels driven systems as hybrid solar-assisted systems and not as SHC systems.
Many studies based on experimental or simulated models have been reported in literature in order to investigate different possible configurations of the SHC systems and their potential for the residential sectors applications. Among different solar driven cooling systems, the attention will focus on the absorption cooling systems presented in the market in different power ranges and used for air conditioning in the civil sector.
Shirazi et al. [10] carried out a performance analysis of four configurations of SHC systems based on evacuated tube collectors coupled with a single-effect AHP. In the first two plants, the AHP was selected to cover the maximum cooling demands of the analyzed building. A gas-fired boiler was considered as auxiliary heating system in the first layout and an electric vapor-compression chiller as cooling backup device in the second configuration. The third and fourth layout differed from the second for the size of AHP, which was designed to balance only 50% and 20% of the cooling demand, respectively. The authors developed a simulation model with TRNSYS software (Solar Energy Laboratory, University of Wisconsin-Madison, Madison, WI, USA) [11] in order to select the optimal systems design parameters and they compared the energy, environmental and economic performance of the systems with a reference conventional Heating Ventilation and Air-Conditioning (HVAC) plant that consisted of a water cooled vapor-compression chiller and a gas boiler. They found that the second configuration achieves the best energy and environmental performance, ensuring a primary energy saving of 54.5% and a reduction of up to 146 t per year of equivalent CO 2 emissions compared to the reference HVAC system. The results of the analysis showed that all the configurations were economically feasible only in presence of a government subsidy.
Calise [12] developed a simulation model of a SHC system consisting of parabolic collectors with a double effect AHP and a biomass-fired heater used in heating and cooling operation. The plant was designed to satisfy the heating, cooling and domestic hot water demand of a small university hall. The analysis provides a parametric optimization of the design system variables and investigates the economic and energy system performance in seven different Mediterranean cities. The proposed system was also compared to a SHC system in which the biomass heater was replaced by gas fuelled heater in order to evaluate the influence of biomass on the system performance. The results showed that the system based on renewable sources achieved a primary energy saving of about 80% in all investigated cities and the payback period was lower than system operating life for most of the cities considered.
Baniyouners et al. [13] introduced a simulation model of a solar assisted air conditioning system for an office building under three different subtropical climates in Australia. The system consisted of a single effect LiBr-H 2 O AHP coupled with flat plate collectors. The plant was designed to supply the cooling and hot water demand of the office user. The cooling load profile of the building was obtained using TRNSYS Software under the influence of these different climates. This study investigated variables affecting the performance system such as solar collectors (SC) area and hot water volume; in addition the primary energy saving achieved by system compared to an electric vapor compression heat pump, was evaluated. The results showed that 80% of primary energy saving was achieved by installing 50 m 2 of SC and 1.8 m 3 of hot water storage tank (HST) under the three selected climates.
Zhai et al. [14] described a solar absorption cooling system designed and installed to meet the cooling demand of a test room with the area of 50 m 2 . A solar field of evacuated tube collectors, a 3 m 3 storage tank, an 8 kW LiBr/H 2 O single effect absorption chiller and a cooling tower (CT) are the main components of the plant. Fan coils and a radiant cooling ceiling are the terminals used in the test-room. With the radiant system an average higher cooling output was achieved (4.5 kW) while the chiller efficiency was 0.32. Furthermore, the authors evaluated the indoor comfort condition obtaining a predicted mean vote of 0.22 and a predicted percentage dissatisfied of 5.89.
Drosou et al. [15] discussed the feasibility of a solar cooling system using parabolic trough solar concentrators and double-effect absorption chiller to meet the cooling demands of two office buildings in Greece. The authors found that concentrated SC are an interesting solution to couple with more efficient AHP (double-effect). They also observed that solar concentrators can be installed when there is limited availability of space on the roof to use conventional SC (flat plate or evacuated tube). Simulation results revealed that thermal energy output (1297 MWh/y) of the solar field of parabolic trough collectors (simulated with Greenius simulation tool) can reasonably meet the cooling demands of the office buildings (simulated with Energy Plus software).
Often the SHC systems studied in literature are integrated with boilers and/or electric heat pumps, but this is not the only solution. In very hot weather climate sometime, for example, there is not a backup system. Mohan et al. [16] experimentally analysed a solar thermal polygeneration plant composed of evacuated tube SC, a single effect absorption chiller and a membrane distillation unit installed in United Arab Emirates. This plant was designed for a high flexibility, with four different modes of operation available: as a solar cooling system for air-conditioning an office cabin, as a cogenerator that desalinates sea water and heats up domestic hot water, as a cogenerator that provides air-conditioning and desalinated water, and, finally, as trigeneration system for air-conditioning, drinking and domestic hot water. The authors evaluate that such a system could obtain a potential payback period of 9.08 years. On the other hand, however, the coupling of solar systems with high-efficiency energy conversion devices, such as cogeneration systems, is a solution designed only in few cases, even if the two technologies have been widely investigated separately.
In the study of Suárez et al. [17] , a plant based on a thermal solar system and a cogeneration unit, which satisfied, respectively, the domestic hot water and space heating demand of four residential buildings located in Spain, was investigated. The electricity provided by the cogeneration system was sold to the power grid.
The authors analyzed different system configurations varying the number and the orientation of collectors, the way in which the buildings are grouped, the type of micro-turbines used in cogeneration system and their daily and yearly operation periods. They also compared the system performance Energies 2016, 9, 705 4 of 23 with those obtained considering the two technologies separately with the integration of an existing auxiliary boiler. The results highlighted that the system integrating both technologies in a centralized installation for the four buildings achieves the best energy and environmental performance. In this scenario, the auxiliary boiler was completely replaced by the cogeneration system in order to increase its annual operation period and to obtain best environmental performance by means of the better use of fuel. The payback period was evaluated as lower than 8 years.
Kegel et al. [18] performed a comparison of different solar thermal, cogeneration and thermally driven heating/cooling systems to supply the energy demands of a typical apartment in Canada. They evaluated the GHG emissions, the annual costs savings and the primary energy consumption of various system configurations with respect to the base case. The simulation results showed that the best performance was obtained when priority is given to the cogenerator thermal production with respect to the solar thermal collectors and when the cogenerated thermal energy is used to activate an AHP. In this case the system can achieve an annual cost saving and avoided GHG emissions of 21% and 16%, respectively. The authors also compared the best layout system to the cogeneration system only. They obtained a primary energy saving of 12% in order to demonstrate the benefit of integrating the SC and thermally-driven heat pump with the cogeneration unit.
In the study of Ribberink et al. [19] , a hybrid system consisting of a cogenerator based on a Stirling-engine coupled with solar thermal collectors was modeled, simulated and compared to a base case system without solar energy input applied in various Canada locations. The results showed that by adding the SC it was possible to reduce the natural gas consumption of about 10%-15% and to reduce 700-1200 kg per year of GHG emissions for each house, depending on the location and the system layout.
The literature review pointed out that the hybrid systems consisting of a cogenerator coupled with a SC field, are more suitable in the climates with predominantly cold seasons, where large amounts of thermal energy are needed to satisfy space heating requests. In region with hot climates like Mediterranean areas, it is necessary to add a thermally-driven system that meets the cooling demand of buildings, in order to achieve significant operation hours of both the cogenerators and the SC. Furthermore, in the literature, there are some examples of alternative systems for the combined production of heat/cooling and electricity. For example, Muye et al. [20] analyzed the annual performance of a solar driven ammonia-water absorption power and cooling system with a biomass auxiliary installed in Seville, Spain, and Chennai, India. A scroll expander was considered for the generation of power. They evaluated the effect of heat source temperature, cooling water inlet temperature and the chilled fluid inlet temperature on the revised Goswamy cycle. This thermodynamic cycle was simulated with Engineering Equation Solver software and then used in TRNSYS to simulate the innovative solar cooling and power plant. The system produced more power and cooling and a better annual efficiency in Seville (6%-8%) than in Chennai (5%-7%). Nonetheless, Chennai had a superior annual solar contribution (23%-30%) than Seville (24%-28%).
These hybrid systems are very complex; therefore, a detailed optimization tool is required to perform a correct design and control. They are also characterized by very high installation costs and acceptable payback periods are quite difficult to be obtained.
In the following sections a hybrid solar-assisted trigeneration system based on micro combined heating and power (micro-CHP) coupled to solar thermal collectors and an AHP, able to provide both space heating and cooling to a three story office located in Naples, is investigated through dynamic simulations. The influence of the tilt angle on solar fraction (SF) is studied in order to maximize the share of heating and cooling demand satisfied by the renewable energy source. Furthermore, how the system performance (in terms of SF and tank thermal losses) changes with the characteristics of the HST (volume and insulation) is assessed.
A trigeneration system such as that discussed below, in which two non-conventional technologies (SC and cogenerator) are coupled, is not a solution studied before by other authors, in particular for installation in the Mediterranean area. This plant can be an attractive solution for applications where there is a lack of free or available surfaces on the roof to install a solar field that allows to have a high SF. In this case, the choice of a backup system, that has a higher overall conversion efficiency, results in significant primary energy savings compared to the conventional SHC and air conditioning systems.
User and Building Description
The building analyzed in this work is a three-story office (Figure 1 ). The area of each floor is equal to 81 m 2 and the total heated/cooled volume is 729 m 3 . The building is located in Naples (1034 heating degree day, HDD) and the characteristics of its envelope are reported in Table 1 . The transmittance of each component is in agreement with the constraints of Italian legislation [21] . The equivalent transmittance of ground floor calculated with reference to [22] , considering the ground (sand or gravel with conductivity equal to 2.0 W/(m·K)) interacting with basement floor layer, is equal to 0.210 W/(m 2 ·K). The transmittance of windows takes into account transmittance of both the window frame (17% of the total surface) and the glass. Moreover, the glazed surface is equal to about 20% of the floor area for each level. 
The building analyzed in this work is a three-story office (Figure 1 ). The area of each floor is equal to 81 m 2 and the total heated/cooled volume is 729 m 3 . The building is located in Naples (1034 heating degree day, HDD) and the characteristics of its envelope are reported in Table 1 . The transmittance of each component is in agreement with the constraints of Italian legislation [21] . The equivalent transmittance of ground floor calculated with reference to [22] , considering the ground (sand or gravel with conductivity equal to 2.0 W/(m·K)) interacting with basement floor layer, is equal to 0.210 W/(m 2 K). The transmittance of windows takes into account transmittance of both the window frame (17% of the total surface) and the glass. Moreover, the glazed surface is equal to about 20% of the floor area for each level. Table 1 also shows the g-value (total solar energy transmittance) of the transparent surface. In order to reduce the solar gain in summer period, an automatic shading device is installed for each window. It reduces the incident radiation to 35% when the irradiation is greater than 300 W/m 2 . The electricity yearly demand of the building, 51.4 kWh/m 2 , is defined according to the target value for office building reported in [23] . The daily electric demand of each floor of buildings, defined according to [24] for a weekend day and a week day is reported in Figure 2 . Figure 3 shows the occupancy schedule of each floor in a work day considering a maximum occupancy of five people per floor. In the weekend days, there are no occupants in the office. The electricity yearly demand of the building, 51.4 kWh/m 2 , is defined according to the target value for office building reported in [23] . The daily electric demand of each floor of buildings, defined Energies 2016, 9, 705 6 of 23 according to [24] for a weekend day and a week day is reported in Figure 2 . Figure 3 shows the occupancy schedule of each floor in a work day considering a maximum occupancy of five people per floor. In the weekend days, there are no occupants in the office. Air changing rate for the building is assumed equal to 11 × 10 −3 m 3 /s per person [25] , which for this application considered becomes 594 m 3 /h. The domestic hot water demand is negligible with respect to the heating load.
According to Italian legislation, the heating period for Naples is from 15 November to 31 March and the indoor set-point air temperature is 20.0 °C (±0.5 °C); the operation time of the heating system is assumed between 8:00 and 18:00, in a working day while during weekend the heating system is turned off. The cooling period is from 1 June to 30 September, and in these months, during the working days, the desired temperature is 26 °C (±0.5 °C). During the intermediate period (1 April-31 May and 1 October-14 November) there is no space heating or cooling demand, the cogenerator is turned off and the SC are covered to avoid dissipating solar thermal energy continuously. The building is simulated by means of TRNSYS software. Heating and cooling load are reported in Figure 4a Air changing rate for the building is assumed equal to 11 × 10 −3 m 3 /s per person [25] , which for this application considered becomes 594 m 3 /h. The domestic hot water demand is negligible with respect to the heating load.
According to Italian legislation, the heating period for Naples is from 15 November to 31 March and the indoor set-point air temperature is 20.0 • C (±0.5 • C); the operation time of the heating system is assumed between 8:00 and 18:00, in a working day while during weekend the heating system is turned off. The cooling period is from 1 June to 30 September, and in these months, during the working days, the desired temperature is 26 • C (±0. 
System Configuration
In order to satisfy electricity, thermal and cooling demands of the office, a hybrid solar-assisted trigeneration system is here analyzed through dynamic simulations. The two main heat sources in the plant are a micro combined heat and power (micro-CHP) [26] delivering 12.5 kWth and 5.5 kWel and a solar field of six evacuated tube collectors [27], arranged in two rows facing South ( Figure 5 ). The SC are placed on the roof of building and have an aperture area of 20.6 m 2 . In the cooling period, the two heat sources heat up the water stored in the 1000 L hot HST in order to keep it at a temperature greater than 70 °C, which is the minimum temperature to activate the 17.6 kWco AHP [28] .
In both operating conditions (cooling, Figure 5 and heating, Figure 6 ), the plant could be split in three sub-systems with different control strategies:
(1) the heating sub-system, composed by the SC, the internal combustion engine micro-CHP, HST, the dry cooler (DC) and the electric auxiliary heater (AH); (2) the distribution and cooling sub-system, composed by the valves, the AHP, the CT and the cold water storage tank (CST); and (3) the building.
The control strategy for the heating sub-system provides that the pump, P1, is activated moving the working fluid (water/glycol mixture), when the temperature at the collectors outlet is greater than that one at the lower part of the tank where the solar circuit is connected to the heat exchanger ( Figure 5 ). The cogenerator is turned on only during the opening hours of the weekdays, if the temperature in the upper zone of the HST is lower than 70 °C. The solar subsystem, instead, can operate always during week and weekend days, when the tank is sufficiently cold. A security 
In order to satisfy electricity, thermal and cooling demands of the office, a hybrid solar-assisted trigeneration system is here analyzed through dynamic simulations. The two main heat sources in the plant are a micro combined heat and power (micro-CHP) [26] delivering 12.5 kW th and 5.5 kW el and a solar field of six evacuated tube collectors [27], arranged in two rows facing South ( Figure 5 ). The SC are placed on the roof of building and have an aperture area of 20.6 m 2 . In the cooling period, the two heat sources heat up the water stored in the 1000 L hot HST in order to keep it at a temperature greater than 70 • C, which is the minimum temperature to activate the 17.6 kW co AHP [28] .
The control strategy for the heating sub-system provides that the pump, P1, is activated moving the working fluid (water/glycol mixture), when the temperature at the collectors outlet is greater than that one at the lower part of the tank where the solar circuit is connected to the heat exchanger ( Figure 5 ). The cogenerator is turned on only during the opening hours of the weekdays, if the temperature in the upper zone of the HST is lower than 70 • C. The solar subsystem, instead, can operate always during week and weekend days, when the tank is sufficiently cold. A security system consisting of a DC is used to prevent the temperature in the solar loop from approaching 100 • C. Finally, a further electric AH is considered as back-up device when both the solar system and the micro-CHP do not allow to satisfy the heating and cooling demand. A similar control strategy for the heating sub-system is implemented in the heating operation ( Figure 6 ). The main difference concerns the activation temperature of the cogenerator, which is turned on in order to keep the outlet temperature from the tank to 50 • C.
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system consisting of a DC is used to prevent the temperature in the solar loop from approaching 100 °C. Finally, a further electric AH is considered as back-up device when both the solar system and the micro-CHP do not allow to satisfy the heating and cooling demand. A similar control strategy for the heating sub-system is implemented in the heating operation ( Figure 6 ). The main difference concerns the activation temperature of the cogenerator, which is turned on in order to keep the outlet temperature from the tank to 50 °C. As regards the second subsystem, during the cooling period, the AHP tries to maintain the temperature of a 500 L CST in the range 9 ± 1.5 °C in the hours of the building opening. Indeed, it starts even when the building is closed and the micro-CHP is off but the HST is at a temperature that allows starting the absorption chiller. In this way, the system operates to maximize the accumulation of solar thermal energy and avoid its dissipation. The CT and the pumps P3, P4 and P5 are turned on simultaneously with the thermally-driven chiller ( Figure 5 ).
In heating operation mode, instead, the AHP and the CST are bypassed by the hot water that is directly pumped to the fan coils of the offices. More in detail, a system of three-way valves diverts part of the heat transfer fluid that returns from the user and mixes it with the hot water of the tank to ensure that water at about 45 °C is supplied to the fan coils. The AH is switched on only if the supply temperature decreases below 40 °C ( Figure 6) .
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A final control, that of the building subsystem, is then performed on the pump P2, that supplies hot/cold water to fan coils, to allow that the temperature of the air-conditioned spaces is equal to 20 ± 0.5 °C in winter and 26 ± 0.5 °C in summer period, respectively. As regards the second subsystem, during the cooling period, the AHP tries to maintain the temperature of a 500 L CST in the range 9 ± 1.5 • C in the hours of the building opening. Indeed, it starts even when the building is closed and the micro-CHP is off but the HST is at a temperature that allows starting the absorption chiller. In this way, the system operates to maximize the accumulation of solar thermal energy and avoid its dissipation. The CT and the pumps P3, P4 and P5 are turned on simultaneously with the thermally-driven chiller ( Figure 5 ).
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A final control, that of the building subsystem, is then performed on the pump P2, that supplies hot/cold water to fan coils, to allow that the temperature of the air-conditioned spaces is equal to 20 ± 0.5 • C in winter and 26 ± 0.5 • C in summer period, respectively.
The electricity produced by the micro-CHP is mainly use to meet the electric load of the user and drives the auxiliaries of the plant. When the electricity production is low compared to the required amount, further electric energy is taken from the grid; instead, when the production exceeds the demand, the exceeding part is fed into the grid.
Model Description
In the following subsections, the models of the main components of the hybrid solar-assisted trigeneration system, used in the dynamic simulation software TRNSYS [12] , are described. Each component model is a subroutines ("Type") stored in the standard and TESS (Thermal Energy Systems Specialists, Madison, WI, USA) library [29] of TRNSYS in many cases validated by experimental data. Unfortunately, these data have not been collected in such an experimental plant. Table 2 shows the devices and the corresponding simulation subroutine (Type). 
Solar Collectors
The model is based on a quadratic equation of thermal efficiency of a solar collector, η SC th (Equation (1)). In this equation, the three constant values η 0 , a 1 , and a 2 are typically provided by the manufacturer for defined test conditions. The temperature difference (∆T) usually represents the difference between the average temperature of the fluid circulating in the collectors and the ambient air temperature [30] , while G is the total solar radiation on the tilted surface.
The main parameters, taken from the manufacturer's data [27], used in TRNSYS are listed in Table 3 . Furthermore, the model takes into account the correction due to the connection of the collectors in rows, to the operation with flowrate different from the test conditions and the incident radiation angle. This correction for evacuated tube collectors, due to the symmetry of the system, is performed with two coefficients, known as Incident Angle Modifier (IAM) longitudinal and transversal. Table 4 shows these values for the considered collectors. 
Micro Combined Heat and Power
The micro-CHP model, developed within the International Energy Agency-Energy Conservation in Buildings and Community Systems (IEA/ECBCS) Annex 42, is implemented among others for the TRNSYS. The type is used to simulate a cogenerator with an internal combustion engine that provides thermal energy at a temperature compatible with the AHP. The 103 parameters characterizing the model are set according to the calibration and validation reported in [31] .
The micro-CHP from the point of view of the model is discretized into three control volumes. The energy conversion control volume models the conversion of fuel chemical energy into electrical and thermal energy in steady conditions, therefore, it takes into account the engine working fluid, the combustion gases and the engine alternator. The dynamic behavior of the system is instead characterized through the two other control volumes, engine thermal mass control volume and cooling water volume control. They model the aggregate thermal mass of the engine and most internal heat exchanger equipment, the aggregate thermal mass of the cooling water and the portion of the exchanger in direct contact with the cooling fluid, respectively.
The electrical and thermal power under steady state conditions are calculated by scaling the primary power by two factors which are the electrical or thermal efficiency.
. E micro-CHP th
The efficiencies are expressed by polynomial function (f ) of the electric power at steady-state ( . E el ), the mass flow rate of cooling water ( . m cw ), and the inlet temperature of the cooling water (T cw,in ).
η micro-CHP th
The dynamics are assessed by differential equations that take into account the combustion, the convective and conductive heat transfers and the mass exchanges. The model also takes into account a constraint on the maximum fuel flow rate and a protection for over-heating. The rated characteristics of the micro-CHP [32] are listed in the following Table 5 . 
Storage Tank
This model is developed for vertical cylindrical tanks; in fact, it considers the entire volume of the tank divided into smaller superimposed cylinders of equal height (called nodes). For each node (Figure 7) , the temperature is considered uniform (fully-mixing of the liquid) and is numerically calculated by solving the set of energy balances of all the nodes. The generic equation to be solved has the following form:
where the terms, from left to right, in the equation represent: the energy variation in the node per unit of time, the conductive heat exchange between the considered node and the upper and lower one, the heat losses, the convective interaction of the node (the terms related to 
This model is developed for vertical cylindrical tanks; in fact, it considers the entire volume of the tank divided into smaller superimposed cylinders of equal height (called nodes). For each node (Figure 7) , the temperature is considered uniform (fully-mixing of the liquid) and is numerically calculated by solving the set of energy balances of all the nodes. The generic equation to be solved has the following form: For the hot water storage, the data validated and calibrated by Angrisani et al. [33] are assumed, while for the cold water storage manufacturer information is considered [34] . A summary of the parameters of the model and of the data sheet information is listed in Table 6 . The model of the CST is based on the same equations described for the HST. For the hot water storage, the data validated and calibrated by Angrisani et al. [33] are assumed, while for the cold water storage manufacturer information is considered [34] . A summary of the parameters of the model and of the data sheet information is listed in Table 6 . The model of the CST is based on the same equations described for the HST. 
Absorption Heat Pump
The hot water-driven AHP model is based on a performance map that can typically be found in manufacturers' catalogs. Figure 8 shows the cooling capacity and the heat input of the AHP considered in this work as a function of the heat source and cooling water temperature. In particular, the machine performance are reported in terms of fraction of full load capacity and fraction of design heating energy for different operating conditions (fraction of the design load, chilled water set point temperature, entering cooling and hot water temperatures). On the basis of the conditions that take place at each simulation step, the model determines the heating energy required ( . E AHP th,req ) by the AHP, its cooling capacity available ( . E AHP co,ava ) and that needed to cool down the entering chilled water to the set point temperature (
. E AHP co,req ). The temperature of the chilled water exiting the AHP is calculated by considering the lower cooling capacity between the available one and that required:
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). The temperature of the chilled water exiting the AHP is calculated by considering the lower cooling capacity between the available one and that required: The energy rejected by the cooling water (CT) is determined with an energy balance on the absorption chiller also taking into account the energy of the auxiliary devices. The temperatures of the hot and cooling water at the AHP outlets are, instead, evaluated through energy balances on the cooling and heating water flows. The rated characteristics of the selected AHP are listed in Table 7 [29] . 
Cooling Tower
The cooling process of the AHP cooling water takes place in the CT as a result of the sensible heat transfer and the evaporation of the water towards the air. Typically, the water to be cooled is sprayed (in counter-flow) at the top of the CT, while the air is moved by a fan from the bottom to the top of the tower. Typically a CT is filled with a material, organized in cells, able to increase the contact area between water and air.
"Type 51" is here considered to model the performance of a multiple-cell CT. The thermal power subtracted to the water in a cell can be expressed as a function of the maximum one (the air exits at the inlet water temperature and in saturated conditions) through the efficiency ε:
the CT performance (ε), assuming the Lewis number equal to 1, can be expressed through a mathematical model that uses the approach of the number of transfer units (NTU), as for the only sensible heat exchange. In this case of heat and mass transfer, NTU is equal to [35] :
where K' is the mass transfer coefficient, a is the water surface per unit volume, V cell is the cell cooling volume, and . m a is the mass flow rate of air. Correlation between NTU and the air and water flowrates has the following form: (10) the two coefficients c and n change according to the differ CT type [36] . The values listed in Table 8 are assumed to characterize the CT. Finally, overall energy and mass balances allow evaluating the fluids conditions at the tower output. 
Results and Discussion
The software TRNSYS with TESS libraries has been used to perform the dynamic simulation of the hybrid solar-assisted trigeneration system and the building described before.
As a first analysis, the influence of the collectors tilt angle on the SF [37] has been investigated. It is calculated as the ratio between the thermal energy satisfied by renewable source, SC, (E HST th,ren,hp ) and the total heat demand of the user (E US th ):
For the heating operation period, it shows an increasing trend with higher tilt angles (Figure 9a ). The same index, evaluated for the cooling operation period, is defined as:
where E CST co,ren is the contribution of cooling energy supplied by the CST during the cooling operation period deriving from the solar thermal energy. The SF cp shows an opposite trend with respect to SF hp , it worsens when the tilt angle increases (Figure 9a) . The trade-off between these two trends results in a total SF (SF tot ) on an annual basis with a maximum for a tilt angle of about 30 • (Figure 9b ).
Considering the plant optimized with respect to the total SF, the energy flows related to the heating period and those related to the cooling period are listed in the Table 9 .
In heating mode, the results highlight that the SC have an average efficiency of 44.2%, while the micro-CHP has an electrical and thermal efficiency of 25.5% and 63.2%, respectively. The tank has significant thermal losses, amounting to 19.5% of the thermal energy supplied. The thermal load is almost completely met by the energy supplied by the HST, the amount of heat of the AH is very small (35.4 kWh) .
As regards the electric energy, the greatest demand derives from the user pure electric load (92.4% of the total demand derives from lighting, computers, printers, etc.). The remaining part is due to the auxiliaries E AUX el,hp and is mainly attributable to the circulating pumps of solar and heating subsystems (E P1 el,hp = 26.8% of E AUX el,hp , E P2 el,hp = 49.7% of E AUX el,hp ). Energies 2016, 9, x 15 of 23 Considering the plant optimized with respect to the total SF, the energy flows related to the heating period and those related to the cooling period are listed in the Table 9 . In cooling operation mode, the results show that the SC have an average efficiency of 51.5%, while the micro-CHP has an electric and thermal efficiency of 26.0% and 61.0%, respectively. The HST has significant thermal losses, amounting to 13.4%. The cooling load is met by the chilled water supplied by the CST, which interacts with the warmer air surrounding it (about 95 kWh). The AHP cools down the water in the CST, operating with a coefficient of performance (evaluated as the ratio between the cooling energy supplied and the thermal energy required in the entire cooling period) equal to 0.62.
As regards the electric energy the greatest demand derives from the user pure electric load (76.5% of the total) while the remaining part is due to the auxiliaries (E AUX el,cp ), and is mainly attributable to the AH, the AHP and CT, the circulating pumps of solar and distribution subsystems ( Figure 10 highlights that the electric energy contribution supplied by the grid during the heating period (E GRID el,hp ) is very high, achieving 93.5% of the total consumed. As concerns the micro-CHP, 36% of the electric energy produced is exported to the grid (E micro-CHP el,exp,hp ) while the remaining 64% (E MCHP el,sc,hp ) is self-consumed in the building-plant system.
(92.4% of the total demand derives from lighting, computers, printers, etc. In cooling operation mode, the results show that the SC have an average efficiency of 51.5%, while the micro-CHP has an electric and thermal efficiency of 26.0% and 61.0%, respectively. The HST has significant thermal losses, amounting to 13.4%. The cooling load is met by the chilled water supplied by the CST, which interacts with the warmer air surrounding it (about 95 kWh). The AHP cools down the water in the CST, operating with a coefficient of performance (evaluated as the ratio between the cooling energy supplied and the thermal energy required in the entire cooling period) equal to 0.62.
As regards the electric energy the greatest demand derives from the user pure electric load (76.5% of the total) while the remaining part is due to the auxiliaries ( Taking into account the primary energy required by micro-CHP in the two operation mode, the electric and thermal energy supplied, the cogenerator shows an electric and thermal efficiency, on an annual basis, equal to 25.8% and 61.9%, respectively (Table 9 ). The electric energy supplied by grid in the cooling period, (E GRID el,hp ), is again greater than that produced by the micro-CHP. The cogeneration system exports 371 kWh (E MCHP el,sc,hp ) that represents 19.8% of the total available. The amount of micro-CHP electric energy used in the building is greater than in the heating period (80.2%).
Taking into account the primary energy required by micro-CHP in the two operation mode, the electric and thermal energy supplied, the cogenerator shows an electric and thermal efficiency, on an annual basis, equal to 25.8% and 61.9%, respectively ( Table 9) .
The Sankey diagrams in Figure 11a , b show how the total primary energy of the solar source and of the natural gas required by the micro-CHP are converted to meet the cooling and heating demands of the building. As mentioned before, most of the electricity demands are due to the user load and only a small share is supplied to the plant, so the electricity supplied by the external grid has been neglected.
A large amount of the incident solar energy is not converted both in summer and winter. The greater availability of solar energy in the summer lead to a low contribution of the micro-CHP (E micro-CHP th,cp ) if compared to solar one (E SC-HST th,cp ), while in winter these two terms are very similar. During the summer, there is greater availability of solar energy and the total energy input to the system is more significant than in winter. In addition, a greater amount of solar thermal energy is dissipated in summer. However, because of the major number of energy conversion (and storage) devices, the useful effect (conditioned space cooling) is lower in percentage with respect to the offices heating requirements (26.5% instead of 39.1%).
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The Sankey diagrams in Figure 11a , b show how the total primary energy of the solar source and of the natural gas required by the micro-CHP are converted to meet the cooling and heating demands of the building. As mentioned before, most of the electricity demands are due to the user load and only a small share is supplied to the plant, so the electricity supplied by the external grid has been neglected. The thermal losses through the HST envelope are not negligible and, in absolute terms, they are higher during the cooling period (1.41 MWh) than in the heating season (1.15 MWh) since there is an average higher temperature difference between the stored hot water and the environmental conditions in cooling operation with respect to the heating. If one considers the ratio between thermal losses and heat inputs to the HST, the winter result (0.195) is higher than that observed in summer (0.134). This is due to:
(1) a longer heating period but a lower thermal energy demand (with respect to cooling season); and (2) longer periods (in heating operation) during which the thermal energy stored in the HST is not used (in the summer period the AHP can operate also in the weekend days to cool down the CST.
These losses lead to a greater use of the micro-CHP and a lower solar energy exploitation in the described plant. For this reason, three new tanks [34] are simulated and compared with the HST considered in the previous analyses (Table 10 ). The first new HST has the same volume but a lower loss coefficient (0.673 W/(m 2 ·K)) than that used before, instead the second and third ones have the same thermal characteristics of the new tank but bigger volume equal to 1500 L and 2000 L, respectively.
Analyzing the SF tot (Figure 12a ), it is noted that this index enhances with the new tank and increasing the storage volume. Instead in terms of thermal losses (in Figure 12b , they are expressed as a percentage of the thermal energy supplied to the tank and are reported with negative values in order to highlight that they are undesirable), it is shown that the best solution is constituted by the new 1000 L tank. Evidently, increasing the tank volume the solar thermal energy storage capacity increases (and thus SF tot improves) but the surface and the losses grow more.
Finally, by comparing the analyzed trigeneration plant with a similar SHC system in which the micro-CHP is replaced by a natural gas fired boiler and the electricity is drawn entirely from the grid a significant primary energy savings is achieved. Assuming an average efficiency of the Italian thermoelectric plants and boilers of 0.409 and 0.902, respectively, it results a primary energy savings of 8.27%. From an economic point of view, the cogenerator has an extra cost of about 15,000 € and estimating the unitary price of electricity 0.20 €/kWh if taken from the grid and 0.09 €/kWh if fed into the grid, with a natural gas unitary price of 0.90 €/Nm 3 (0.75 €/Nm 3 if defiscalized for cogeneration) an operating cost saving of about 286 €/y is reached. It is too low to have an acceptable pay back period. Therefore, the analyzed solution seems more advantageous than a conventional SHC system with a boiler but economically unfeasible.
The hybrid solar-assisted trigeneration system based on micro-CHP coupled to solar thermal collectors shows also a certain primary energy saving (7.77%) with respect to the conventional air conditioning system used in Italy, that consists of a natural gas fired boiler for the heating operation and an electric chiller for the cooling (average COP = 3.00). However an operating cost saving of 230 €/y is related to this primary energy saving. It is very low compared to the extra cost of the hybrid plant, about 48,000 €. If one considers the system with the better insulated 1000 L HST primary energy and operating costs savings go up at 9.34% and about 275 €/y, respectively. The economic feasibility remains unthinkable if the investment costs for these new technologies do not decrease and the more efficient electricity and heat production (especially when renewable energy sources are used) is adequately supported from an economic point of view. It is at the same time true that the application of these systems to users that allow a greater number of hours of operation per year would significantly improve the benefits.
Analyzing the SFtot (Figure 12a) , it is noted that this index enhances with the new tank and increasing the storage volume. Instead in terms of thermal losses (in Figure 12b , they are expressed as a percentage of the thermal energy supplied to the tank and are reported with negative values in order to highlight that they are undesirable), it is shown that the best solution is constituted by the new 1000 L tank. Evidently, increasing the tank volume the solar thermal energy storage capacity increases (and thus SFtot improves) but the surface and the losses grow more. Finally, by comparing the analyzed trigeneration plant with a similar SHC system in which the micro-CHP is replaced by a natural gas fired boiler and the electricity is drawn entirely from the grid a significant primary energy savings is achieved. Assuming an average efficiency of the Italian thermoelectric plants and boilers of 0.409 and 0.902, respectively, it results a primary energy savings of 8.27%. From an economic point of view, the cogenerator has an extra cost of about 15,000 € and estimating the unitary price of electricity 0.20 €/kWh if taken from the grid and 0.09 €/kWh if fed into the grid, with a natural gas unitary price of 0.90 €/Nm 3 (0.75 €/Nm 3 if defiscalized for cogeneration) an operating cost saving of about 286 €/y is reached. It is too low to have an acceptable pay back period. Therefore, the analyzed solution seems more advantageous than a conventional SHC system with a boiler but economically unfeasible.
Conclusions
In this paper, a plant designed to meet electricity, thermal and cooling demand of a three-story office building located in Naples, has been investigated. The installation is based on a natural gas 
In this paper, a plant designed to meet electricity, thermal and cooling demand of a three-story office building located in Naples, has been investigated. The installation is based on a natural gas fueled micro-CHP, solar thermal collectors and an absorption chiller. Such a hybrid solar-assisted trigeneration system is equipped with hot and cold storage tanks and an electric AH as back-up device, in order to compensate the uncertainty of solar source. Its control strategy ensures that the solar subsystem operates in priority and the micro-CHP is off during weekend days in heating and cooling operation.
The dynamic building-plant performance has been investigated using the software TRNSYS.
The results show that in the heating operation period the SF has an increasing trend with higher tilt angles, instead in cooling mode, this index has the opposite behavior. The trade-off between the two trends results in a total SF with a maximum for a tilt angle of about 30 • . After the optimization of the plant with respect to the collectors tilt angle, the energy flows in winter and summer period have been evaluated too.
The SC have a net efficiency of about 49%. The micro-CHP has an electric efficiency of about 25.8% both in heating and cooling operation, while it has a thermal efficiency greater than 60%. The HST has significant thermal losses amounting to 19.5% and 13.4% during heating and cooling operation mode, respectively. Concerning the interaction with the electric grid, the energy drawn from it is greater than the cogenerated electricity both in heating and cooling period. Finally, three different HST have been considered to highlight the influence of storage tank characteristics (thermal resistance and volume) on dynamic performance of the system. In the first scenario, a tank with the same volume and a lower loss coefficient with respect to the base case has been considered, while in the second and third layout two storage tanks with a bigger volume (1500 L and 2000 L) have been investigated.
The analysis has demonstrated that the SF increases with the storage volume and the lowest thermal losses are achieved by 1000 L thermal storage with the lower loss coefficient.
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